Abstract. The use of inferior quality materials, inadequate detailing, and poor construction practices are responsible for most of brittle failure modes of non-engineered reinforced concrete structures. Bond failures in non-engineered reinforced concrete elements, due to short anchorages or low concrete cover result in large slip deformations, prevent the development of plastic deformations and reduce energy dissipation capacity. Until now, few research works have been carried out that could facilitate the development of bond-slip relationships for low strength non-engineered reinforced concrete structures. To address this, experiments were carried out on pull-out and splitting specimens under monotonic loading to investigate bond characteristics of typically used steel bars in nonengineered reinforced concrete structures. Various de cient parameters were considered in the experiments in order to develop multi-parameter bond strength relations for low strength concrete 15 MPa. The key parameters examined in the experiments include low strength concrete, bar development length, concrete cover, rebar types (deformed and plain), and rebar diameter. This paper presents the experimental details and results, which are further processed to develop bond strength equations for di erent bar types in low strength concrete. These equations can be used to de ne the bond-slip relation for conducting seismic vulnerability assessment of non-engineered structures.
Introduction
Non-Engineered Reinforced Concrete (NERC) buildings in developing countries are known to be highly vulnerable to seismic motions [1] . Post-earthquake damage surveys done in developing countries [1] [2] [3] [4] [5] attribute the poor performance of Reinforced Concrete (RC) structures to the use of poor materials, bad design, detailing, and inappropriate construction practices [1] [2] [3] [4] [5] . Most of the collapsed RC structures in the Kashmir earthquake (2005), Pakistan, had an average concrete compressive strength (f 0 c ) of around 15 MPa. Bal et al. [5] tested cores taken from 1178 existing RC buildings, located in Istanbul and its surroundings, and reported a mean f 0 c of 17 MPa. It is widely accepted that Low Strength Concrete (LSC) is one of the main reasons for many brittle failures in NERC. Even in developed countries such as Japan, post-earthquake studies after the Kobe Earthquake in 1995 reported many existing RC buildings to have very low concrete strength (less than 13.5 MPa), which is the basis of research for Hong and Araki [6] .
Pull-out and splitting were commonly observed as bond failure modes during the Kashmir earthquake and became one of the causes of brittle failures in RC buildings, as shown by Ahmad [7] . The rebar slip in structural components due to bond failure is shown schematically in Figure 1 (a) and (b). Moreover, reports by Chaudat et al. [8] and Pinho and Elanashai [9] regarding seismic testing of various low strength RC frames, designed according to old codes or construction practices, showed that insu cient lap splices and bond degradation were the predominant factors for strength and sti ness degradation of these structures at higher peak ground acceleration levels.
Pull-out and splitting failures depend on the shear and tensile strength of concrete, respectively. The tensile and shear strength of concrete have a strong correlation to compressive strength less than 10000 psi (69 MPa), ACI408 [10] . The force is transferred mainly by bearing against the lugs, either exceeding the concrete tensile or shearing strength causing the failure to occur by tensile splitting or pull-out (shearing of concrete), respective1y. Splitting usually occurs due to lower concrete cover (< 2d b ) and insu cient con nement, ACI408.2 [11] . When a bar moves with respect to concrete, splitting failure initiates due to the wedging action of ribs. Splitting is normally a critical bond failure mode for RC buildings and its capacity is lower than that for pull-out for a given anchorage length. Bar pull-out usually occurs in elements with enough con nement.
Bond performance is also related to rib geometry, and an increase in rib height can generally increase initial bond sti ness and enhance bond strength [10] [11] . Transverse reinforcement resists splitting failure after cracking of a member, especially under cyclic loading, and provides con nement, which results in pull-out failure. Casting position and improper compaction also a ect the bond strength [11] . The problem of improper compaction is quite signi cant in poorly constructed RC structures, where the voids and water pockets are formed due to plastic ow of concrete [11] .
The bond-slip ( s) behaviour of di erent bar types used typically in LSC has not been studied much, and past vulnerability assessment studies by Kyriakides (2008) [12] had to assume that s behaviour of rebars in LSC is similar to that of Normal Strength Concrete (NSC). Only a few studies examined this behaviour; for example, Mohamad and Clark [13] conducted pull-out tests on extremely LSC specimens (200 300 300 mm specimens with links and f 0 c 5 MPa) to evaluate max of both top and bottom cast deformed and plain bars with varying cover (c) to bar diameter (d b ) ratios. The typical LSC range for NERC buildings (10-15 MPa) was not considered, and pull-out tests were carried out by Feldman and Bartlett [14] using 16 and 32 mm d b plain bars in LSC (12 to 14 MPa) to evaluate s characteristics of plain bars with di erent roughness levels. Experimental results showed an average slip value of 0.01 mm at max . The reported average value of max ranges from 0.98 to 2.2 MPa for di erent roughness levels. The e ects of smaller cover, shorter development lengths, and other bar types on s behaviour were not studied. More recently, Bedirhanoglu [15] carried out cyclic tests on 9 exterior beam-column joints made of LSC concrete (< 10 MPa) using plain bars. The mean max was found to be varying between 0:33 p f 0 c and 0:5 p f 0 c MPa. Hong and Araki [6] conducted pull-out tests under load reversal to study the bond characteristics of plain round bars having 13, 19 mm diameters and embedment length of 10d b in LSC (11.2 MPa). The maximum bond stresses of the specimens were less than the allowable stress in RC Codes of Japan Architectural Institute for the longterm load, and that the degradation of bond stress was apparently found to be in uenced by the loading cycles. The average bond strength values include 0.33 MPa and 0.32 MPa for 13 and 19 mm d b , respectively.
The main aim of conducting the current research work is to investigate the bond characteristics of typically used steel bars in NERC/ existing RC structures by considering various de cient parameters and to develop bond strength relations for low strength concrete 15 MPa. Previous researches have not accounted for the considered de cient parameters and have not provided a multi-variable bond strength equation for low strength concrete < 15 MPa. This paper initially presents the results of experiments undertaken on pullout and splitting specimens. The main parameters of the study included low strength concrete, rebar type, diameter, concrete cover, and embedment length. The statistical variation of the experimental data is presented, and the bond performance of di erent bar types is discussed. The paper nally presents development of bond strength models for di erent bar types in LSC using the current experimental data.
Experimental programme
The experimental programme is planned to study pullout and splitting bond failure modes in LSC under monotonic loading. This experimental work is part of research work conducted by Ahmad [16] , and Ahmad et al. [17] developed an analytical seismic vulnerability assessment framework for reinforced concrete structures in developing countries. All the tested specimens were uncon ned and made of plain concrete. The main parameters included LSC (15 MPa), bar development length (L d ), concrete cover (c), rebar type, and diameter (d b ). Pull-out and splitting tests have been conducted in a specially designed rig. The pull-out and splitting experiments are designed so as to include the e ect of di erent de cient parameters observed in the post-Kashmir earthquake surveys and are more important for bond-slip of reinforcement behaviour in RC structures of developing countries. Most common steel bars types used in old and new constructions of RC structures in Pakistan are used in experiments. Low strength concrete mix design is used to prepare pull-out and splitting specimens. These specimens with varying development lengths, cover, bar type, and sizes are tested in the testing setup. Mechanical properties of di erent steel bars and the LSC used are described in the following section.
Steel bars
Two di erent types of steel bars were used in the experimental programme, with di erent surface deformations and diameters. These bars include hot-rolled deformed (def.) and plain bars. Mechanical characteristics of di erent types of steel bars are presented in Tables 1. Table 2 gives the rib details of the deformed bar used in the tests, and Figure 2 shows the bar pattern schematically.
Concrete
Since the concrete compressive strength for the majority of NERC structures falls between 8 and 15 MPa, the LSC mix proportions mentioned in Table 3 were used to cast all the pull-out and splitting specimens. The compressive strength was determined according to BS1881-121 [18] by casting 100 mm 200 mm cylinders from the mix. Indirect splitting tests in accordance with BS:EN12390-6 [19] were also carried out to evaluate the tensile strength of concrete specimens. The 
Test arrangement
The test setup, including test rig and instrumentation, used for conducting pull-out and splitting tests is shown schematically in Figure 3 (a). A 10 mm rubber plate was placed on the specimen's top face to ensure an even pressure and minimum con nement on the concrete surface. The reaction plate of the rig has appropriate holes, so that the LVDTs can pass through. A mounting rig was used for holding two LVDTs (for the splitting tests) or three LVDTs (for the pull-out tests) at the loaded end (L.E.) of the specimen, and the mounting rig was clamped with screws on the bar (see Figure 3 (b)). A small metal (aluminum) angle was glued on the unloaded end (U.L.E.) of each specimen to mount an LVDT. This transducer was positioned at the centre of the bar and was used to measure the unloaded end slip. This arrangement corresponds to RILEM/CEB/FIP [20] in which the bonded length is located at the end of the specimen to avoid conical failures near the loaded end. Examples of pull-out and splitting specimen in testing rig are shown in Figure 3 respectively. Bars were debonded with two layers of cling lm and PVC tape to achieve the desired embedment length. The bars were cut to 500 mm to t the testing apparatus.
To measure the loaded end slip for pull-out specimens, three transducers were placed in a radius of 50 mm from the centre of the bar. These transducers were mounted on a small rig at an angle of 120 degree from each other. The schematic arrangement of the LVDTs positioned over the specimen surface is shown in Figure 6 .
All the tests were displacement controlled, and the displacement rate was set to 0.5 mm/min. The used LVDTs had a maximum range of 10 mm, and the data record stopped when the slip reached between 8 and 10 mm. The bar was then pulled out completely at a faster rate. A typical rebar after pull-out is shown in Figure 7 .
Splitting tests
In the splitting test specimens, bars were positioned eccentrically using varying concrete covers (i.e., c = 0d b ; 1d b ; 2d b ) with reference to the concrete edge as shown in Figure 8 (a) and (b) to achieve splitting failure mode. The embedment length in all the splitting specimens was 5d b , and the specimens were cast up to the same height. The bars were cut to 500 mm to t the testing apparatus. The average of the displacements from three transducers was used to eliminate possible bending of the bar. The loaded and unloaded end slips for the splitting specimens having c = 2d b were measured using the same LVDT arrangement as used for pullout tests ( Figure 6 ), whereas loaded end slip for the specimens, having c = 0d b and 1d b , was measured by making a two-point arrangement of the LVDT's at the loaded end, as shown in Figure 9 (a) and (b). This arrangement was necessary due to the lack of space for the third LVDT. The splitting specimens with varying concrete covers after splitting are shown in Figure 10(a)-(c) , respectively.
Experimental results
Representative results for the deformed and plain bar pull-out specimens, having d b = 12 mm and L d = 5d b , are shown in Figure 11 Figure 12 (a) and (b), respectively. The value of c = 0 represents extremely small concrete cover and practically represents exposed reinforcement condition in beams or columns typically observed in developing countries due to poor construction practices.
Deformed bar split specimens with extremely small cover showed a very low max at a small slip value. The bond strength increased by almost four times for curves c = 1 and 2d b (Figure 12(a) ). For plain bar's split specimens (d b = 12 mm), splitting did not occur in all cases. A few specimens with c = 0 and c = 1d b showed brittle behaviour; however, most of the specimens, especially with covers 1 and 2d b , showed a gradual decay of the load slip curve, as shown in Figure 12 (b). 4 . Direct comparison and statistical analysis 4.1. Pull-out specimens A summary of results of tests along with the average results for each set of variables is presented in Table 5 .
The concrete strength e ect on bond is traditionally taken into account by normalizing max with respect to p f 0 c . This use of p f 0 c for normalization has been proved to be e ective up to concrete strengths of 55 MPa (ACI408 (2003) ).
The bar chart in Figure 13 shows the mean values of max = p f 0 c for deformed and plain bar specimens with di erent development lengths.
Bond strength scatter for pull-out specimens Figure 14(a) shows the results of pull-out tests for the specimens with deformed bars of 12 and 16 mm diameters and L d = 5d b . All these specimens had low concrete strength ( 10 to 15 MPa). Bond strength of specimens having concrete strength of around 10 MPa is found to be almost half the bond strength of specimens with relatively higher concrete strength (15) (16) (17) (18) (19) (20) . The failure of most specimens with L d = 10 and 15d b was found to be either due to bar yielding or concrete splitting.
For plain bars, a lower variation can be seen (Figure 14(b) ) in the results as compared to the n is the number of tested specimens. deformed bars (Figure 14(a) ). As expected, an overall reduction in normalized max is evident with larger L d . Table 6 presents a summary of results of splitting tests, and the bar chart in Figure 15 shows the mean value of max = p f 0 c for specimens tested for the splitting failure mode. This includes 13 and 17 mm def and 12 and 16 mm plain bars having L d = 5d b and varying concrete covers.
Splitting specimens
Bond strength scatter for split specimens signi cantly lower than that for c=d b = 1 and 2, highlighting the severity of the problem when proper cover is not maintained. In general, the splitting strength increases from c=d b = 1 to 2 for both bar sizes. Nonetheless, the 16 mm bar shows lower results than the 12 mm bar, indicating that bar diameter also a ects the splitting strength.
No splitting was observed in the plain bar specimens, meaning that bar roughness is the dominant factor that mobilizes the friction between the bar and the concrete to give bond strength. As a result, a lower variability was obtained in the results of plain bars (Figure 16(b) ). However, the value of normalized max for the plain bars clearly increases with the increase of c=d b ratio for both 12 and 16 mm diameters, as shown in Figure 16(b) . This means that the cover thickness leads to increased con nement and, as a result, increases frictional resistance. 
Development of bond strength relation
Multi-variable nonlinear regression analysis is used to develop max models by using a suitable summation function for both pull-out and splitting failure modes. Variables such as concrete compressive strength (f 0 c ), development length (L d ), cover (c), diameter (d b ), and bar type are included in max models. The summation function of Orangun et al. [21] o ers the best choice for use as an input function in the nonlinear regression analysis, since it includes all the important variables considered in the experimental work carried out by the authors. This function can be calibrated to prepare max equation for both pull-out and splitting bond failure modes.
The general form of the selected input functions for Orangun et al. [21] is given in Eq. (1):
where A, B, C, and D are the parameter values determined through calibration, Y is the dependent variable, and w, x, and z are the independent variables.
Regression analysis of max experimental data
5.1.1. max equations for deformed bar's pull-out/splitting failure mode in LSC To evaluate the general max equation for the pull-out and splitting failure mode of deformed bars, Eq. (1) was calibrated by conducting nonlinear regression analysis using the current experimental data, and the derived new parameter values are given in Eq. (2).
An additional dataset was selected from a report by Darwin et al. [22] in which an extended database from di erent studies was used to develop an expression for evaluating the splice strength and developing length regardless of the e ect of transverse reinforcement. The specimens with concrete strength ranging between 15 and 21 MPa were extracted from each dataset. The predominant failure mode in all these test data was splitting, and the beams were tested to evaluate the bond strength considering di erent parameters. It was observed from the data that large bar diameter and embedment lengths were used almost in all the specimens except for the Tepfers [23] dataset, including specimens with bar diameters 12, 16, and 19 mm. Moreover, c=d b in the majority of the tests varied between 1 and 2 with very few specimens having c=d b ratio > 2. Due to the variability in the experimental data from di erent sources, the error between predicted and experimental values was assumed to be normally distributed, and an uncertainty factor in accordance with 1 was evaluated. The resulting equation is given in Eq. (2) with an uncertainty factor of 2:1 MPa: 
The bond strength predictions ( max;pred ) from Eq. (2) are compared with the experimental bond strength values ( max;exp ) in Figure 17(a) . The upper and lower bounds were set to 1 MPa to assess the percentage of data above and below this range. It was found that 15% of the data were out of this range. The frequency of ratio max;pred = max;exp as a percentage of the total data is shown in Figure 17 (b). For Eq. (2), a larger percentage ratio of ratios max;pred = max;exp was found to be close to one, as shown in Figure 17 
The predictions from Eq. (3) are compared with those of the experimental data in Figure 17 (c). The frequency of ratio max;pred = max;exp as a percentage of total data is shown in Figure 17(d) . 19% of the data were found to be out of the set bound for the plain bar's bond strength.
In the current study, the concrete strength power factors of 0.68 and 0.5 are evaluated for deformed, cold formed, and plain bar. This suggests large dependency of concrete strength on bond strength for deformed and cold formed bars as compared to plain bars. In bond strength equation of Orungun et al., max is normalized with respect to p f 0 c to represent the e ect of f 0 c (or the tensile strength) on the bond strength. However, Zuo and Darwin [24] suggested that normalization using p f 0 c overestimates bond strength for the HSC and underestimates bond strength for NSC. f 0 c 1=4 was found to have a better correlation with bond strength for all ranges of concrete strength.
Conclusions
Due to the large number of NERC structures in the building stock of developing countries, it is important to investigate the e ect of di erent de cient parameters on bond characteristics for more reliable seismic vulnerability assessment: a. Among the investigated parameters, low strength concrete and concrete cover have more in uence on the bond strength. For the deformed bar specimens with concrete strength of around 10 MPa, the pullout bond strength (1.98 MPa) is almost half the bond strength of specimens with relatively higher concrete strength (15) (16) (17) (18) (19) (20) . Hence, NERC structures with concrete strength of around 10 MPa are expected to have larger slip deformations and brittle failures due to lower bond strength; b. The specimens with a very small cover (i.e., c = 0), in an exposed bar condition, have very low splitting bond strength (0.46 Mpa) and indicate high vulnerability of inferior quality structures with exposed bars; c. The plain bars do not show the evidence of splitting in most of the specimens. However, the cover still appears to have e ect due to the additional con nement. Nonetheless, plain bars fail at a lower strength and have inferior post-peak characteristics; d. The data from this experimental study are used to develop the bond strength models for di erent bar types in LSC. The bond strength models from the summation equations are, therefore, proposed to predict both the splitting and pull-out behaviours of low strength structures. The summation function accounts for all the studied parameters, and the bond strength for pull-out and splitting bond failure modes is predicted reasonably well using the developed equation. These equations can be also used in de ning s behaviour; e. The higher power factor of 0.68 for concrete strength is evaluated for deformed bars as compared to the traditional value of 0.5. This indicates larger in uence of low strength concrete on bond strength of deformed as compared to normal and high strength concretes.
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